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Abstract
Objective
To assess whether the polygenic risk score (PRS) for migraine is associated with acute and/or
prophylactic migraine treatment response.
Methods
We interviewed 2,219 unrelated patients at the DanishHeadache Center using a semistructured
interview to diagnose migraine and assess acute and prophylactic drug response. All patients
were genotyped. A PRS was calculated with the linkage disequilibrium pred algorithm using
summary statistics from the most recent migraine genome-wide association study comprising
;375,000 cases and controls. The PRS was scaled to a unit corresponding to a twofold increase
in migraine risk, using 929 unrelated Danish controls as reference. The association of the PRS
with treatment response was assessed by logistic regression, and the predictive power of the
model by area under the curve using a case-control design with treatment response as outcome.
Results
A twofold increase in migraine risk associates with positive response to migraine-specific acute
treatment (odds ratio [OR] = 1.25 [95% confidence interval (CI) = 1.05–1.49]). The asso-
ciation between migraine risk and migraine-specific acute treatment was replicated in an in-
dependent cohort consisting of 5,616 triptan users with prescription history (OR = 3.20
[95% CI = 1.26–8.14]). No association was found for acute treatment with non–migraine-
specific weak analgesics and prophylactic treatment response.
Conclusions
The migraine PRS can significantly identify subgroups of patients with a higher-than-average
likelihood of a positive response to triptans, which provides a first step toward genetics-based
precision medicine in migraine.
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For complex diseases, there is an expected interindividual
variation in the response to pharmacologic treatment. The
current trend in medical science focuses on precision medi-
cine, tailoring treatments to subsets of patients. Treatment
can be improved by considering individual genomic pre-
diction relating to drug metabolism.1,2 Genome-wide associ-
ation studies (GWASs) have been used in many complex
diseases to detect genetic variants associated with diseases,
and subsequently to generate polygenic risk scores (PRSs),
which includes the additive effect of all variants of the disease.
To date, PRS analysis is gaining ground in disease risk pre-
diction,3 identifying and quantifying comorbidities and
endophenotypes,4 and drug responses.5,6
Migraine is a polygenic disorder with an estimated heritability
of 40%–60%7–9 and a worldwide prevalence of 18%.10 The
acute treatment of migraine is dominated by the highly
receptor-specific triptans. Approximately 25% of patients with
migraine do not respond to triptans. In case of a high fre-
quency of migraine attacks, many different nonspecific pro-
phylactic drugs may be prescribed. It is unknown to what
degree this variation in treatment response is related to ge-
netic variants.11
We aim to test whether the genetic burden of migraine risk
variants, defined by a PRS derived from the recent meta-
analysis on migraine,12 is associated with acute and pro-
phylactic migraine treatment.
Methods
Study population—the target sample
The study population consisted of 2,591 patients with mi-
graine who were recruited at the Danish Headache Center in
1999–2002, 2005–2006, and 2010–2011.13,14 All patients
withmigraine were interviewed face to face or by telephone by
a trained physician or trained senior medical student using
a semistructured interview. The interview was designed by head
of classification committee Prof. Jes Olesen to phenotype and
classify migraine diagnosis according to the International Clas-
sification of Headache Disorders, second edition.15
Migraine drug response
The semistructured interview included questions covering the
necessary clinical data for migraine diagnoses and information
on the effect of migraine treatment. Acute treatment effect was
considered to be positive in cases where the patient reported
at least 50% pain reduction within 2 hours after taking med-
ication. Prophylactic treatment effect was considered to be
positive in cases where the patient reported a reduction of
over 50% in migraine attacks. For acute treatment, the patient
was asked about efficiency of (1) triptans and (2) ergotamine,
which are both migraine-specific drugs, and (3) weak anal-
gesics, which is nonspecific for migraine treatment. For pro-
phylactic treatment, the patient was asked about the efficiency
of (1) β-blockers, (2) Ca2+ antagonists, (3) angiotensin II
receptor blockers, (4) angiotensin-converting enzyme (ACE)
inhibitors, (5) anticonvulsants, (6) antidepressants, and (7)
hormone treatment. Both generic and commercial names
were mentioned, where the interviewer used pro.medicin.dk
as reference. The questioned drug needed to be taken spe-
cifically for treatment of migraine. For all questions, the an-
swer “Do not know” was considered as missing data.
Genotyping
All patients with migraine were genotyped on the Illumina
HumanOmniExpress 12v1 (n = 2,152) or Illumina Human-
OmniExpress 24v1 (n = 439) chip. For each data set, the
quality control of genotypes was performed using PLINK
1.9.16 We used genotypes for 2,766 ethnicity-sensitive single
nucleotide polymorphisms (SNPs) common to all Illumina
SNP arrays to estimate European, Asian, and African ancestry
probabilities with STRUCTURE17 and excluded individuals
with <90% European ancestry. SNPs with <0.95 genotyping
rate, <0.01 minor allele frequency, or p < 1 × 10−6 for Hardy-
Weinberg Equilibrium were excluded, and individuals with
<0.98 genotype rate were removed. Next, we created a subset
of markers independent of each other with respect to linkage
disequilibrium (LD) using a window size of 100 markers
shifting by 25 markers at a time and removed 1 half of every
SNP pair with genotypic r2 > 0.1. This was performed to avoid
overestimating the effect by including mutually dependent
SNPs, i.e., SNPs in LD. Using this subset of markers, we
calculated heterozygosity (HET) and sex and removed (1) all
individuals with outlying HET values (>5 SD from the me-
dian of the whole sample) and (2) all individuals where sex
determined from genotype did not match reported sex. We
then removed all A/T and C/G markers to avoid strand
issues. Related individuals were detected based on their ge-
notype data, and 1 random individual per related couple
(Pihat > 0.10) was removed. After filtering and quality con-
trol, 542,168 SNPs and 2,219 individuals were retained for
analyses. The total data set of 2,219 patients with migraine
consisted of 1,201 patients who had migraine without aura
(MO) and 1,018 patients who had migraine with aura (MA).
Cases with probable migraine (with or without aura) were
included in the analysis, and in case the individual had both
MA and MO, they were assigned to the MA subgroup.
Glossary
ACE = angiotensin-converting enzyme; AUC = area under the curve; CI = confidence interval; DBDS = Danish Blood Donor
Study; GWAS = genome-wide association study; HET = heterozygosity; IHGC = International Headache Genetics
Consortium; LD = linkage disequilibrium; MA = migraine with aura; MO = migraine without aura; OR = odds ratio; PC =
principal component; PRS = polygenic risk score; SNP = single nucleotide polymorphism.
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PRS calculation
The PRS was calculated using LDpred, which adjusts for LD
between markers and further rescales allelic effects based on
the likelihood of each marker belonging to the fraction of
markers assumed to be causal.18 We calculated PRSs using the
default models for causal variant fraction in LDpred (i.e., 1,
0.3, 0.1, 0.03, 0.01, 0.003, and 0.001). The LD information
was retrieved from the subjects with migraine and 929 un-
related Danish controls, who were genotyped on the same
genotype chip (Illumina HumanOmniExpress 12v1). To
calculate PRSs for migraine, we used p values and log10 odds
ratios (ORs) from a subset of the International Headache
Genetics Consortium (IHGC)migraine GWASmeta-analysis
(ncase = 59,674; ncontrol = 316,078)
12 from which all individ-
uals of Danish origin (1,771 cases and 1,000 controls) had
been removed to avoid overlap between the discovery and
target sample and a resulting overestimation of allelic effects.
To investigate which fraction of causal variants gives the best
prediction of migraine, we compared the PRSs of our mi-
graine sample (n = 2,219) with the 929 Danish controls.
Migraine was most significantly predicted with a model as-
suming the fraction of causal variants to be 0.03 (p = 6.91 ×
10−27). The PRS generated under this model predicted both
MO andMA significantly (p = 3.69 × 10−26 and 4.98 × 10−17).
Next, we investigated whether the PRSs of the migraine
subtypes could predict the respective subtype better than the
PRS of migraine, using the GWAS on the clinical subset
(5,557MA and 7,352MO) of the IHGCmeta-analysis.13 This
was not the case, likely because of the limited sample size of
the discovery cohort; the PRS of MO was predicted with a p
value of 2.70 × 10−12 and the PRS of MA predicted MA with
a p value of 1.61 × 10−3. Therefore, all analyses were con-
ducted using the PRS of migraine. We then rescaled the mi-
graine PRS to a mean of zero and a unit corresponding to
a twofold genetic increased risk for migraine in the target
population; this was done by first subtracting the mean PRS
from each subject’s PRS and then multiplying it by log(OR)/
log(2), where the OR was extracted from the model pre-
dicting migraine using the 2,219 cases and 929 controls.
Statistical analysis
The rescaled PRS for migraine was tested for its association
with drug response using a logistic regression model including
age, sex, genotype chip, and the first 10 principal components
(PCs) of the genotypes as covariates. The PCs were calculated
in PLINK16 and included in themodel to correct for population
stratification. As triptan and ergotamine are both migraine-
specific drugs used for acute treatment and act through the same
serotonin receptors (5-HT1B and 5-HT1D), they were analyzed
together to increase the statistical power. The mode of action of
prophylactic treatments is unknown; therefore, they were ana-
lyzed together. The association of migraine-specific acute, mi-
graine nonspecific acute, and prophylactic treatment with the
PRS was corrected for multiple testing (n = 3) using Bonferroni
correction resulting in adjusted p values (padj). As prophylactic
treatment is potentially confounded by comorbid hypertension
or epilepsy, we tested whether these comorbidities had a signif-
icant effect on treatment response. In case they were statistically
significantly associated with treatment response, they were in-
cluded as covariates.
All analyses were performed for the complete set of patients
with migraine. Subsequently, it was tested whether there was
a statistically significant difference between the migraine sub-
types by including an interaction term between the PRS and
migraine subtype. We presented the area under the curve
(AUC), representing the prediction accuracy and ORs, using
the partial Receiver Operating Caracteristic R-package.19 The
AUC was calculated for both the model including only the
covariates and the full model including the PRS and the
covariates. The difference between the 2 AUCswas tested using
the DeLong test in the partial Receiver Operating Caracteristic
R-package. ORs were presented with 95% confidence intervals
(CIs). All analyses were performed in R (version 3.4.3.).20
Replication cohort
The Danish Blood Donor Study (DBDS) genomic cohort
(n = 79,595) was used as the replication cohort (see detailed
description elsewhere).21 The PRS for migraine was calculated
as done for the clinical cohort. Using a subpopulation of the
DBDS genomic cohort (n = 17,222) with information on self-
reported migraine (nmigraine = 3,906), we estimated the OR for
migraine within the DBDS genomic cohort (OR = 3.98, 95%
CI = 3.18–4.98). TheOR formigraine was used for subsequent
normalization of the PRS as done for the clinical cohort. Using
the prescription register of the 79,595 participants, we identi-
fied 5,616 users of migraine-specific treatment (1,372 males
and 4,244 females). Positive triptan responders were defined as
having 10 or more purchases of triptans, as previously sug-
gested to be a reliable indicator of positive treatment re-
sponse.22 This resulted in 1,246 triptan responders (213 males
and 1,033 females). In the regression model, age, sex, and the
10 first PCs were included as covariates.
Standard protocol approval, registrations, and
patient consents
Written informed consent was obtained from all participants.
The study was approved by the Danish Ethical Standards
Committee (H-2-2010-122) and the Danish Data Protection
Agency (01080/GLO-2010-10).
Data availability
Summary statistics of the GWAS are available upon agreement
with the IHGC due to embargo with 23andMe. Genotype data
of our clinical cohort are available upon agreement with the
senior author and upon material transfer agreement.
Results
Sample characteristics
Our data set consists of 2,219 patients withmigraine including
1,201 MO and 1,018 MA patients. The male:female ratio in
patients with migraine was 1:4.7; this was slightly lower in
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MO (1:5.8) than in MA (1:3.8) (p = 2.7 × 10−4). The patients
with migraine were on average 44.2 years old with an SD of
12.8. There was no significant difference in age (SD) between
MO and MA (44.0 [12.1] years and 44.4 [13.6] years, re-
spectively). A higher response rate was found for MO than
MA in acute and prophylactic treatment response (table 1).
The difference in response rates implies a potential difference
in association with the PRS across migraine subtypes, and
therefore, we tested whether such difference was evident.
There was a significantly higher response rate for female
patients with migraine than male patients with migraine for
acute treatment (p = 0.03). Furthermore, among the res-
ponders to prophylactic treatment, there were a higher
number of patients with migraine with hypertension (table 2).
Association with acute treatment response
Acute treatment response was assessed by 2 different classes
of drugs: migraine-specific and nonspecific drugs (figure 1).
The PRS was statistically significantly associated with positive
migraine-specific acute treatment response: a unit increase in
the PRS (corresponding to a twofold increased migraine risk)
was associated with anOR of 1.25 (95%CI = 1.05–1.49, padj =
1.25 × 10−2). Although the PRS was statistically significantly
associated with acute treatment response, there was no sta-
tistically significant improvement of the accuracy when added
to a model that included treatment covariates (p = 0.50): the
AUC for the full model was 0.603 (95% CI = 0.569–0.637),
and the model including all covariates except the PRS was
0.598 (95% CI = 0.563–0.633). No statistically significant
interaction was present between the PRS and migraine sub-
types, age, or sex. However, testing the association of acute
treatment response with genetic load for each sex separately
showed a strong signal for males (OR = 2.17 [1.36–3.57],
p = 1.55 × 10−3) but not for females (OR = 1.15 [0.95–1.39],
p = 0.16).
To ensure that the signal we are detecting is between
migraine-specific drugs and the genetic load of migraine, we
used migraine nonspecific drugs (weak analgesics) as negative
control and saw no significant association. As a secondary
analysis, we split the migraine-specific drugs into triptans and
ergotamine; we saw only a statistically significant association
for triptans (OR = 1.27 [1.07–1.51], p = 7.60 × 10−3). The
stronger signal between the PRS and treatment response
among males was still present among triptan response (OR =
2.08 [1.31–3.39], p = 2.43 × 10−3) and not for females (OR =
1.17 [0.97–1.42], p = 0.10).
Association with prophylactic treatment response
Migraine can be preventively treated with β-blockers, calcium
antagonists, angiotensin II receptor antagonists, ACE inhib-
itors, antiepileptics, antidepressants, and by hormone treatment.
Because their mode of action on migraine is unknown, we an-
alyzed all prophylactic treatments together (figure 2).Wedid not
find a statistically significant association between the migraine
PRS and a positive prophylactic treatment response: a unit in-
crease in the PRS (corresponding to a twofold increased mi-
graine risk) resulted in an OR of 1.07 (95% CI = 0.90–1.27).
Table 1 Response rates of the investigated acute and prophylactic drugs in all patients with migraine, patients with
migraine without aura, and patients with migraine with aura
% (Total number of patients) Migraine without vs with aura
Migraine MO MA OR 95% CI p Value
Acute treatment responsea 81.5 (1,840) 87.0 (1,116) 73.1 (724) 0.41 0.32–0.51 5.29 × 10−14
Triptan 80.9 (1,828) 86.6 (1,113) 72.0 (715) 0.40 0.31–0.50 9.99 × 10−15
Ergotamine 40.0 (255) 43.1 (102) 37.9 (153) 0.80 0.48–1.34 0.40
Weak analgesics 27.6 (1,626) 21.2 (848) 34.5 (778) 1.92 1.56–2.43 2.54 × 10−9
Prophylactic treatment responseb 54.2 (1,106) 53.8 (651) 55.0 (455) 1.05 0.82–1.33 0.70
β-blocker 29.9 (782) 30.0 (460) 29.8 (322) 0.99 0.73–1.35 0.96
Ca2+ antagonist 15.9 (201) 15.4 (117) 16.7 (84) 1.10 0.51–2.36 0.81
Ang. II receptor antagonist 41.2 (580) 42.2 (358) 39.6 (222) 0.90 0.64–1.27 0.55
ACE inhibitors 25.5 (102) 26.8 (56) 23.9 (46) 0.86 0.35–2.11 0.74
Anticonvulsants 27.9 (495) 25.9 (293) 30.7 (202) 1.26 0.85–1.88 0.25
Antidepressants 24.3 (136) 18.1 (83) 34.0 (53) 2.33 1.05–5.17 0.04
Hormone treatment 37.0 (81) 37.8 (45) 36.1 (36) 0.93 0.38–2.31 0.88
Abbreviations: ACE = angiotensin-converting enzyme; Ang. II receptor antagonist = angiotensin II receptor antagonist; CI = confidence interval; MA =migraine
with aura; MO = migraine without aura; OR = odds ratio.
Presented ORs and p values are for MO vs MA, with MO as the reference level for presented ORs.
a Acute treatment response only includes triptans and ergotamine (both 5-HT1B/D receptor antagonists).
b Prophylactic treatment response includes all medications questioned.
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Again, we did not see any statistically significant interaction
between the PRS and migraine subtypes.
To test whether treatment of comorbidities was masking the
association between the PRS and treatment response, we
tested each drug separately. Comorbid hypertension was
statistically significantly associated with angiotensin II re-
ceptor blockers and ACE inhibitors (p = 2.85 × 10−4 and 4.51
× 10−2, respectively), and epilepsy was statistically signifi-
cantly associated with anticonvulsants (p = 8.88 × 10−3). We
found no statistically significant associations between any
prophylactic treatment response and the PRS, although it
should be noted that prophylactic treatments were used only
by a relatively small proportion of the patients.
Replication of the association with triptan response
As it has been shown that pharmacy databases are a valuable
source to identify treatment responders, we used the DBDS
Genomic Cohort to replicate the association between genetic
load of migraine and triptan response. We found a statistically
significant association between the PRS of migraine and
triptan response with an OR of 1.78 (95% CI = 1.20–2.64,
p = 3.36 × 10−2). We found an association for both males and
females (OR = 3.20 [1.26–8.14] and 1.63 [1.05–2.53], re-
spectively). Although the OR was higher for males, the dif-
ference was not statistically significant. The prediction
showed an increased rate of triptan response among the
individuals with higher genetic load for migraine (figure 3).
Discussion
We show that the genetic burden of migraine is associated
with the response to pharmacologic treatment. The PRS for
migraine was statistically significantly associated with re-
sponse to migraine-specific treatment: triptans and/or er-
gotamine. Neither the response to weak analgesics nor the
response to prophylactic treatment, which are not migraine
specific, was associated with the PRS.
Figure 1 Association of the polygenic risk score with acute treatment response
ORs and the 95% CI are shown on the left-hand
side, and the corresponding forest plot is shown
on the right-hand side. AnOR below 1 represents
a lower response rate to the drug. An OR above 1
represents a higher response rate to the drug.
Migraine-specific acute treatment includes both
triptan and ergotamine, as both are acting on the
same 5-HT1B/D receptors. Migraine nonspecific
treatment is represented by theweak analgesics.
CI = confidence interval; OR = odds ratio.
Table 2 Descriptive statistics of potential confounding factors
Nonresponders Responders OR 95% CI p Value
Acute treatment
Age (mean [SD]) 41.71 (13.09) 44.87 (12.05) −3.16a −3.53 to −2.79 5.28 × 10−5
Sex (M: F ratio) 1:4.31 1:6.11 1.42 1.04 to 1.93 0.03
Migraine subtype (% MO) 42.65 64.73 2.47 1.94 to 3.14 5.3 × 10−14
Epilepsy (%) 3.62 2.74 0.75 0.38 to 1.50 0.42
Hypertension (%) 15.00 17.69 1.22 0.88 to 1.69 0.24
Prophylactic treatment
Age (mean [SD]) 43.49 (13.27) 45.17 (12.15) −1.68a −2.03 to −1.33 0.03
Sex (M: F ratio) 1:4.82 1:5.82 1.21 0.87 to 1.67 0.25
Migraine subtype (% MO) 59.49 58.33 0.95 0.75 to 1.21 0.70
Epilepsy (%) 2.96 3.17 1.07 0.54 to 2.13 0.85
Hypertension (%) 15.61 23.04 1.60 1.19 to 2.20 1.97 × 10−3
Abbreviations: CI = confidence interval; MO = migraine without aura; OR = odds ratio.
a As this is a continuous variable, we showed the difference in age between nonresponders and responders, instead of an OR.
For all ORs the nonresponders are used as reference.
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Genomics play an important role in the variability of drug
response, which is best understood in relation to
pharmacokinetics.23,24 Recently, PRS studies have pre-
dicted drug response in psychiatric diseases. A PRS of major
depressive disorder explained 1.2% of the antidepressant re-
sponse.25 In schizophrenia, no statistically significant association
was found between the response to clozapine and PRS of
schizophrenia, although not significant.26 The PRS could not
predict treatment-resistant schizophrenia,6 but a lower PRS for
schizophrenia was associated with a positive response to lithium
in bipolar affective disorder.5 A better understanding of the ge-
netic contribution inmigraine drug response could pave the road
to personalized treatment of migraine or deepen our un-
derstanding of the underlying pathophysiology. Recently, a PRS
of migraine has been associated with migraine (OR = 1.76),
migraine subtypes (OR MO = 1.57; OR MA = 1.85), and se-
verity of migraine (OR = 1.29).27 Although information about
migraine treatment response was not available in their cohort,
they report a higher PRS among individuals who had self-
reported use of triptans (OR = 1.12).
Previously, the association between the cumulative genetic
risk score, based on the count of number of risk alleles of 12
migraine-associated SNPs, and migraine drug response was
investigated.14 The OR was 1.09 (95% CI = 1.03–1.15) for
acute treatment response, but no significant correlation of the
cumulative genetic risk score with prophylactic treatment was
found. In the current study, we found higher estimates than
previously for acute treatment response. This may be a con-
sequence of increased sample size in the discovery sample
resulting in improved accuracy of the effect size of the genetic
variants. Furthermore, the cumulative genetic risk score pre-
viously used is not comparable with this study, as we used
a weighted risk score and included all genotyped SNPs.
Treatment response shows, for migraine as well as other
conditions, a large inter-individual variation and, therefore,
a precise measurement of positive treatment response is not
easily defined. Many factors may affect treatment response,
e.g., polypharmacy, comorbidity, and body mass index. To
obtain enough power, we have analyzed the different drugs
collectively, which may not be optimal, as a patient may not
have tried all drugs questioned and, therefore, may be in-
correctly defined as a nonresponder. Furthermore, although
we used a semistructured interview, recall bias and negativity
bias are inherent limitations. Our PRS is based on the effect
sizes of common SNPs that explain an estimated 14.63% of
the overall of the migraine phenotype.12 Patients with mi-
graine with a low PRS might nevertheless have a high genetic
burden if they carry rare genetic variants with relatively high
effect estimates. On the other hand, a high genetic burden of
migraine may be associated with specific symptoms of mi-
graine or, for example, severity of migraine. Patients in this
study were recruited from the Danish Headache Center,
which is a tertiary referral center. Patients therefore have
Figure 3 Replication of the association of the polygenic risk
score (PRS) with acute treatment response
Odds ratio by PRSwithin each 20 percentiles for n = 5,616 triptan users in the
Danish Blood Donor Study replication cohort.
Figure 2 Associations of the polygenic risk score with prophylactic treatment response
ORs and the 95% CI are shown on the left-hand
side, and the corresponding forest plot is shown
on the right-hand side. AnOR below 1 represents
a lower response rate to the drug. An OR above 1
represents a higher response rate to the drug.
Acute treatment includes both triptan and er-
gotamine, as both are acting on the same 5-HT1B/
D receptors. Prophylactic treatment response
includes all questioned treatments summed up
(positive response to any prophylactic drug vs
response to none). ACE = angiotensin-converting
enzyme; CI = confidence interval; OR =odds ratio.
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a relatively severe migraine. In other diseases, genes in the
monoamine oxidase (MAO) A and cytochrome P450 su-
perfamily are associated with drug response,2,28 showing the
genetic contribution of drug metabolic pathways. There is no
evidence that those genes are interacting with migraine-
associated genes, and therefore, those are not represented by
the PRS. Future and larger studies may focus on other models,
such as Bayesianmethods extensively used in plant and animal
breeding, and/or they may include epistatic interaction effects
that potentially have a higher predictive power to predict the
genetic risk score of patients with migraine.
While currently the effect size is too small to be clinically im-
portant, the study provides an important proof of concept.
Furthermore, we were able to replicate the association in an
independent cohort of Danish blood donors, although the re-
sponse phenotype is affected by noise (sensitivity of 82% and
a specificity of 66%). We expect that we will see increased
predictive power with an increased sample size in the migraine
GWAS and/or a future GWAS focusing on migraine treatment
response. Thus, future studies might enable us to define more
homogeneous groups of patients benefitting from specific
treatments using genetic data. With the arrival of new migraine
treatments, such as the novel but expensive calcitonin gene-
related peptide antibodies, a genetic classifier to identify
patients who are likely to benefit from the treatment could have
great clinical impact.
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